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Abstract 
Atomic scale periodic ripples that extend for several nanometers on the surface of adjacent graphitic 
grains have been observed for the first time on highly ordered pyrolitic graphite by UHV-STM. The 
ripples emanate from a grain boundary, and are explained in terms of a mechanical deformation due 
to the elastic strain accumulated along the GB, which is relieved out-of-plane in the topmost 
graphene layer. We present a molecular dynamics model, which accounts for the formation of 
similar ripples as result of the lattice mismatch induced by two different grain orientations. 
 
1. INTRODUCTION 
                                                
1 Corresponding authors: N.Motta (n.motta@qut.edu.au); A. Capasso  (a.capasso@qut.edu.au). 
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Surface roughening, such as corrugations and ripples, play a very important role in determining 
mechanical and electronic properties in two-dimensional materials. Free standing graphene, as any 
single layer material, is always stabilized by the presence of ripples[1, 2]. Such out-of-plane 
deformations, extending for several nm and up to 1 nm high, involve a consistent elastic strain, and 
provide structural stability to suspended sheets. In free standing graphene the ripples are usually 
randomly distributed[2], but it is possible to control their pattern by imposing appropriate boundary 
conditions[3].  Periodic ripples have been commonly observed in graphene monolayers grown by 
epitaxy on metallic surfaces [4] and on SiC [5].  In these cases, such corrugations induce spatial 
charge redistribution, opening a series of small electronic gaps. In contrast, when graphene is 
deposited on a flat SiO2 surface, it is found to conform to the underlying morphology of the 
substrate, mitigating its intrinsic tendency to form corrugations [6]. Such findings suggest that the 
degree of deformation of graphene layers is influenced by the supporting substrate. To date, similar 
ripples have not been observed on highly ordered pyrolytic graphite (HOPG) surfaces, where the 
topmost graphene layer morphology is strongly coupled to the bulk.  
HOPG is a polycrystalline material with a grain size usually of order tens of microns. Using STM it 
is common to observe many other surface defects, including grain boundaries [7], step edges, folded 
flakes [8] and long “quasi-tubular” structures [9]. Grain boundaries (GB), in particular, are very 
common defects, usually formed where two grains with different orientation merge together during 
crystal growth. They are usually found all over graphitic surfaces and appear in microscopy as 
periodic structures with identifiable patterns – most commonly arrays of pentagonal or heptagonal 
rings of bright spots [10]. It has been demonstrated that GBs in graphite and in graphene affect the 
electronic properties, for instance by acting as scattering centers for electrons, thereby decreasing 
the electron mobility [11]. The electronic transport properties of GBs have been studied with the 
help of DFT calculations [12], which describe in detail the electron transmission across the GB 
barrier. GBs in graphene have been divided by Yazyev and Louie[13] into three classes as a 
function of the translation vectors of the two bordering graphene planes with respect to the GB 
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periodicity, with geometric rules analogous to those used for the carbon nanotubes. In the case of 
class Ia and Ib (we refer to Ref. [12] for the classification), one or two conductance channels are 
available for the allowed values of k|| (determining the transparency of GB); while for class II the 
electron transmission through the GB is inhibited over large energy ranges (perfect reflection on 
GB).  The same authors proposed (see Supplementary Information in Ref. 12) that the in-plane 
strain associated with a grain boundary in graphene is relieved by the formation of a set of periodic 
ripples.     
In this Letter, we report for the first time the appearance of a wave propagating transversally from 
an asymmetric class II Grain Boundary (GB) [13] on graphite, visualized by STM constant height 
measurements. We explain the origin of the periodic structures, by Molecular Dynamics (MD) 
calculations, which are able to simulate the ripple morphology, matching the experimental findings 
for a graphene GB. We show that the interaction between the first and the other subsurface layers 
provides the right damping of the oscillations to match the amplitude measured by STM.    
2. EXPERIMENTAL 
Samples of HOPG (NT-MDT, ZYH grade) were mechanically cleaved with scotch tape in air until 
the surface appeared flat and even. The samples were loaded in a ultrahigh-vacuum (UHV) system 
(Omicron GmBH Multiprobe system VT-STM XA, base vacuum 5×10-11 mbar) for STM 
measurements at room temperature. STM images were acquired using electromechanically etched 
W tips. The tips were conditioned until reaching atomic resolution whether by electron 
bombardment, by fast scanning on flat terraces or by applying quick voltage pulses. A large number 
of images were taken in various areas of the sample around grain boundaries. The best images were 
obtained by scanning in constant height mode at V=1.3 V. 
 
3. RESULTS AND DISCUSSION 
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Several GBs and step edges were found on the HOPG surface during the STM investigation of 
highly ordered pyrolitic graphite. The two structures can be easily distinguished because GBs have 
a raised profile in height (z), with the GB typically being up to a few nm higher than the graphitic 
plane on each side when scanning across the GB, while step edges display a z-shift only on one of 
the two sides, usually 0.3 nm or a multiple of 0.3nm. Figure 1 shows an atomic-resolution STM 
image of a GB section acquired in constant height mode, along with its morphological analysis. The 
current values can be easily converted into z with the help of a constant current image acquired in 
the same area (see Supporting Information). The values of the current in the image range from 0.8 
nA up to 12 nA, converting into a z-range of 2 nm.  The two grains are tilted by about 12°. The GB 
structure is about 13 nm long and is composed of a semi-regular array of 11 rings with an average 
height profile of 1.48 nm[14].  The rings are clearly defects in the graphitic lattice and appear as 
very bright spots in STM due to charge accumulation, showing an apparent height up to 2 nm, and 
an average diameter of 0.4 nm. The rings are not equally spaced but the distance between each ring 
alternates between 1.1 and 1.3 nm. Therefore, the GB structure shows a superlattice periodicity of 
2.4 nm. 
Periodic ripples (wave-like intensity modulations) appear on the planes on both sides of the GB, but 
with different intensity on each side of the GB. On the right hand side the ripples are more 
pronounced and their wave-fronts run almost parallel to the GB with slowing decaying amplitude, 
up to a distance of 10 nm. On the left hand side, this phenomenon is less apparent, and smaller 
ripples are evident only in the image’s bottom left corner. The two modulations have directions that 
form about the same angle with the respective graphitic lattice: 97°±2° in the left domain and 
100°±2° in the right one, with an angle of about 60°±2° between each other (measured using the 
direction parallel to the wavefront of the ripples). A 2-D Fourier transform applied to the left and 
right-hand regions, as shown in Figure 2, clearly shows a common ripple periodicity of 1.03 nm. 
These ripples are not an artifact of the image analysis, but are genuine structures, which have been 
found in numerous images acquired in constant height mode and to a lesser extent also in constant 
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current mode images (see supporting information).  The ripple amplitude is about 0.5 nA (0.04 nm) 
on the right side of the image, and 0.2 nA (0.015 nm) on the left side. This amplitude is much lower 
than the atomic corrugation in graphite (0.08-0.1nm), which probably explains the difficulty in 
detecting these features in constant current mode, which is the most common acquisition procedure 
in STM. 
It is not unusual to observe oscillations generated from defects in graphite. One of the most 
common is the Moiré effect: The interaction of two topmost misoriented graphitic layers can result 
in interference patterns, which produce periodic structures such as superlattices on the HOPG 
surface.  These are commonly seen by STM in graphite and in graphene[15, 16]. In the present case, 
the misorientation (about 12°) of the two graphitic layers bordering the GB would lead to a 
superlattice with a periodicity of 0.94 nm, which is only 8.7% less than the one measured (1.03 
nm). In spite of this similarity it should be noted that the Moiré pattern geometry on the graphite is 
hexagonal and not wave-like, as it comes from the superposition of 2-D hexagonal lattices.  This 
can not explain the origin of the oscillations observed here.  
In order to understand the origin of the ripple morphology we attempted to describe the structure 
using tight-binding (TB) simulations, assuming the ripples originated from localized electronic 
states associated with the grain boundary. Although the atomic configuration fits nicely the 
experimental data, only small and decaying charge oscillations (amplitude less than 10-3 nm) are 
found as a result of the accumulation of electron density near the defect line (see Supplementary 
Information). For these reasons, charge modulations can also be ruled out as the origin of the 
observed oscillations. 
As an alternative interpretation, Ruffieux et al [17] found several kinds of electron waves by 
inducing point defects on the surface of graphite by means of H+ bombardment. In this case the 
observed oscillations are Friedel oscillations. In the present scenario we can describe the grain 
boundary as a line defect in a 2D system: a Friedel oscillation in this system would show a charge 
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modulation14 [17], where k is the wave vector associated with an 
electron at energy E and g0 is the 2D local electronic density of states. Consequently, a charge 
intensity decay behavior  should be measured, while in the present case the wave amplitude 
remains nearly constant, ruling out the occurrence of Friedel oscillations. 
Considering that the ripple wavelength in Figure 1 (1.03 nm) is about half the superlattice 
periodicity of the GB (2.4 nm), we also considered the formation of a charge density wave, leading 
to the observed ripples. However we believe this highly unlikely since in presence of a crystal 
deformation on the GB a charge density wave should run parallel to the boundary and not at some 
other arbitrary angle as observed here. 
Having ruled out a Moiré pattern effect and charge effects as being responsible for the ripple 
morphology in the STM image, we considered possible mechanical causes (lattice mismatch stress 
or similar), and consequent morphological deformation[18]. The modulation of the topographic 
contrast is likely to be due to a wave-like out-of-plane deformation as a result of lattice-mismatch 
strain relief at the GB in the graphene sheet, as previously proposed by Yazyev and Louie[12] i.e., 
 (see the example in Figure 3a). Such an assumption has been tested by means of energy 
minimization using molecular dynamics (MD) simulations (carried out by the open source 
LAMMPS code). Figure 3b shows the ripple obtained for a Class II grain boundary  on a 
single layer graphene and a four-layer graphene. For both samples, a local buckling along the grain 
boundary is observed due to the strain relief from the lattice-mismatch, which generates periodic 
structural displacements of the topmost atoms. More particularly, for the single layer, the 
wavelength of the periodic displacement, , is around 2.0 nm, while the amplitude A is estimated to 
be between 2.5~4.0 Å. It is found that when this graphene layer is the topmost layer of a four layer 
stack of graphene layers, the amplitude reduces considerably. According to Figure 3d-e, for the 
four-layer graphene stack, the topmost layer shows a periodic displacement wavelength  ≈1.2 nm 
and an amplitude A ≈ 0.95 Å. It is noticeable in Figure 3d that the wave periodicity strictly follows 
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the appearance of “fly-head” (7/5/7 structure) along the grain boundary, and the wave amplitude 
decays away from the location of grain boundary. 
Since the simulated ripples in the left and right sides have a different amplitude, wavelength and 
angle compared to the experimental observations, we also considered the possibility of a more 
complex GB structure, more reflective of the actual GB observed in Figure 1, consisting of two 
perpendicular GB (denoted  I and II) in a zigzag configuration, as schematically shown in Figure 
4a. This structure will give rise to grain boundary structures, which are more like the raised rings 
observed in Figure 1.  To ensure the existence of the ripples in both semi-planes, the matching 
vector for these two GBs should follow  and , respectively. The angles, α and β, 
between the wavefronts on the left and right side, respectively, change with the length of those two 
component GBs I and II. Therefore, according to the (1,0) and (1,1) dislocations proposed by 
previous researchers [12, 13, 19], the zigzag GB can be constructed by selecting two proper class II 
GBs with a different lattice-mismatch ratio  on the two sides. Given the above, the GB 
can be modeled as an array of coupled dislocations with an overall 1D superlattice periodicity of 2.4 
nm [20],[21]. Two translation vectors on the left and right crystalline domains,  dL=(nL,mL) and 
dR=(nR,mR), respectively,  can be defined to closely match the periodicity vector d of the grain 
boundary structure. In the present case the closest approximation is provided by a (6,5) and (7,4) 
matching vector in the left and right domain, respectively (defining a class II GB). The length of the 
translational vector is defined as   (where a0=0.246nm) and corresponds 
closely to the 2.4nm periodicity observed. The (6,5) and (7,4) matching vectors in the left and right 
domains give dR>dL, and the mismatch between them can be then calculated as 
. The in-plane compressive strain formed at the GB is relieved by the formation of periodic ripples, 
which are described by the out-of-plane displacement[12] . The peak amplitude 
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of the oscillation can be calculated by using the 1.03 nm wavelength found in Fig. 1 as[12]:
 
. The ripples found in Figure 1c have maximum amplitude of 0.4 nA, 
corresponding to a height of  (see Supporting Information), which is 
matching well the theoretical amplitude obtained with the simple elastic model.  
The results of our MD simulation for the zig-zag grain boundary (see Supporting Information), are 
presented in Fig 4: Figure 4b illustrates detailed GB atomic configuration superimposed on the 
STM image, while Figure 4c depicts the atomic configuration of the graphene after 2 ps of the 
simulation. Intense small ripples are generated due the strain relief at the grain boundary. The 
estimated wavelength is 0.68 nm with an amplitude of approximately 1.0~2.0 Å (Fig 4d). Although 
in this simulation the ripples appear only on one side, this is the first demonstration of the 
modulation of the graphene structure due to a compressive effect generated by grain boundaries. 
This good agreement with the theoretical value may seem surprising if one considers that the theory 
is devised for a single graphene plane and on the simplified assumption of a 30˚ rotation.  To 
account for this, some considerations are in order. The ripples found experimentally on the left side 
of the GB have a lower amplitude of 0.15 nA, corresponding to 0.22 Å, suggesting that the van der 
Waals interaction with the underlying graphitic plane could somehow prevent the formation of a 
stress relief distortion. Conversely, the well-defined structure of intense ripples on the right side of 
the GB, combined with good agreement, prompts the hypothesis that the graphitic sheet in this case 
is weakly bound to the bulk (being in fact more like a graphene layer loosely coupled to the 
underlying graphite). 
The left and right graphitic planes are shown in Figure 5, where the left and right areas around the 
GB show a marked difference in the STM patterns: the triangular pattern of bright spots (“three for 
six” symmetry) on the left side (A) is typical of the surface of bulk graphite and multilayer 
graphene with Bernal stacking, where the carbon atoms have two different electronic densities 
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depending on whether they sit on top of the atoms of the underlying layer or on a void. By contrast, 
the right side plane exhibits a hexagonal symmetry typical of the graphene surface in the region 
closer to the grain boundary, suggesting that the influence of the underlying layer has been partly 
removed. Our calculations show that the mechanical forces exerted by the GB on the topmost layer 
are strong enough to reduce the coupling between the top graphene layer and the underlying layers, 
making all the carbon surface atoms equivalent, which in turn allow the visualization of the 
honeycomb pattern in STM[22]. 
4. CONCLUSIONS 
We have shown, using Ultra High Vacuum Scanning Tunneling Microscopy at room temperature, 
that grain boundaries in graphite can lead to periodic structural deformations of the top grapheme 
layer.  A detailed MD simulation of the mechanical effect of a grain boundary on the top planes of 
graphite confirms that mechanical stress induced at the grain boundary can generate ripple-like 
structures on the surface layer of the graphite. We believe that a full exploitation of these ripples 
can lead to fine tune the electronic properties of graphene, so opening the way to new class of 
devices[23]. 
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SUPPLEMENTARY MATERIAL Unfiltered supplementary constant height and constant current 
STM images, details of the z calculation from the tunneling current, Tight Binding calculations, 
sketch of the grain boundary.   
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FIGURES 
 
Figure 1. (a) Constant-height STM image of a grain boundary on HOPG. The tilt between the left 
and right graphite layers is 12°. On the left and right of the GB two oscillations are apparent. 
Scanning parameters: 11.9×12.9 nm2, U=1.3 V, It=2 nA. (b) enlargement of the top part of the grain 
boundary. The bright protrusions are of approximate lateral size 0.4 x 0.35 nm. (c) Profiles of the 
ripples in the direction of propagation taken along the white lines in (a), respectively from the left 
and right side, where the oscillations are more pronounced. From the profiles, the ripple periodicity 
is 1.03 nm.  
 12 
 
Figure 2. Fast Fourier Transform (FFT) analysis of the STM image in Fig. 1. Centre Panel: 2D FFT 
images of different portions of the image in Figure 1 - top panel: graphitic plane on the left side of 
the GB in Figure 1; center panel: whole image; bottom panel: graphitic plane on the right side of the 
GB in Figure 1. The left and right panels show images generated by the inverse FFT obtained by 
filtering the yellow-circled spots in the respective FFT graphs: the left panel corresponds to the left-
hand side of the GB (k=0.953 nm-1, λ=1.05 nm); the right panel corresponds to right-hand side of 
the GB (k=0.97 nm-1, λ=1.03 nm). 
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Figure 3. Energy minimization results for a  class II grain boundary on graphene: (a) 
Atomic structure of the grain boundary; (b) Top view of the wave phenomenon in the single layer 
graphene; (c) Front view, inset shows the atomic structure around the grain boundary; (d) Top view 
of the wave phenomenon in the four-layer graphene; (e) Front view, inset shows the atomic 
structure around the grain boundary. To obtain a global minimum, energy minimization initially 
used the conjugate gradient algorithm, followed by a relaxation under the canonical (NVT) 
ensemble for 100 ps at a time step of 1 fs. The graphene size is around 19.52×23.32 nm2 (only part 
of the graphene is presented) and the relaxation was under the temperature of 0.01 K. The C-C 
interaction was described by the well-developed AIREBO potential[24]. During the energy 
minimization, periodic boundary condition was applied along the y-axis to mimic a real graphene 
sheet. For the four-layer testing sample, only the topmost layer contains a grain boundary. 
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Figure 4. (a) Schematic view of a zigzag GB in graphene; (b) The image from Figure 1a with a 
zigzag grain boundary outlined; (c) Atomic configuration of the graphene at the simulation time of 
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1 ps; (d) Enlarged part from figure c). The graphene size is around 34.02×31.30 nm2 (only part of 
the sample is presented in figure c), the relaxation being under the temperature of 0.01 K.  
 
Figure 5. Evidence of the lift-up of the graphene plane due to the compression: The three regions 
show different structures. A: normal graphitic structure with Bernal stacking. B: graphene rings due 
to lift-up are apparent, especially in the top part of the region and closer to the grain boundary.  C: 
relaxation of the plane with partially recovered graphitic structure. 
 
 
 
 
 
 
 
 
 
 16 
REFERENCES AND NOTES 
1. Meyer JC, Geim AK, Katsnelson MI, Novoselov KS, Booth TJ, Roth S. The structure of 
suspended graphene sheets. Nature. [10.1038/nature05545]. 2007;446(7131):60-3. 
2. Fasolino A, Los JH, Katsnelson MI. Intrinsic ripples in graphene. Nat Mater. 
[10.1038/nmat2011]. 2007;6(11):858-61. 
3. Bao W, Miao F, Chen Z, Zhang H, Jang W, Dames C, et al. Controlled ripple texturing of 
suspended graphene and ultrathin graphite membranes. Nat Nano. [10.1038/nnano.2009.191]. 
2009;4(9):562-6. 
4. Vazquez de Parga AL, Calleja F, Borca B, Passeggi MCG, Jr., Hinarejos JJ, Guinea F, et al. 
Periodically Rippled Graphene: Growth and Spatially Resolved Electronic Structure. Physical 
Review Letters. 2008;100(5):056807. 
5. Varchon F, Mallet P, Veuillen JY, Magaud L. Ripples in epitaxial graphene on the Si-
terminated SiC(0001) surface. Physical Review B. 2008;77(23):235412. 
6. Ishigami M, Chen JH, Cullen WG, Fuhrer MS, Williams ED. Atomic Structure of Graphene on 
SiO2. Nano Letters. 2007 2012/08/22;7(6):1643-8. 
7. Sun H-L, Shen Q-T, Jia J-F, Zhang Q-Z, Xue Q-K. Scanning tunneling microscopy study of 
superlattice domain boundaries on graphite surface. Surface Science. 2003;542(12):94-100. 
8. Roy HV, Kallinger C, Sattler K. Study of single and multiple foldings of graphitic sheets. 
Surface Science. 1998;407(13):1-6. 
9. Cervenka J, Flipse CFJ. Structural and electronic properties of grain boundaries in graphite: 
Planes of periodically distributed point defects. Physical Review B. 2009;79(19):195429. 
10. Simonis P, Goffaux C, Thiry PA, Biro LP, Lambin P, Meunier V. STM study of a grain 
boundary in graphite. Surface Science. 2002;511(13):319-22. 
11. Gao L, Guest JR, Guisinger NP. Epitaxial Graphene on Cu(111). Nano Letters. 2010 
2010/09/08;10(9):3512-6. 
12. Yazyev OV, Louie SG. Electronic transport in polycrystalline graphene. Nat Mater. 
2010;9(10):806-9. 
13. Yazyev OV, Louie SG. Topological defects in graphene: Dislocations and grain boundaries. 
Physical Review B. 2010;81(19):195420. 
14. In scanning probe microscopy, GBs can be observed as different height features depending on 
the type of probe used: In AFM they usually are less than 1 nm high (<0.3 nm), while in STM 
the charge accumulated at GBs effectively amplify the vertical extent of the GB, and they can 
appear up to 2 nm high.  
15. Albrecht TR, Mizes HA, Nogami J, Park S-i, Quate CF. Observation of tilt boundaries in 
graphite by scanning tunneling microscopy and associated multiple tip effects. Applied Physics 
Letters. 1988;52(5):362-4. 
16. Pong W-T, Bendall J, Durkan C. Observation and investigation of graphite superlattice 
boundaries by scanning tunneling microscopy. Surface Science. 2007;601(2):498-509. 
17. Ruffieux P, Melle-Franco M, Gröning O, Bielmann M, Zerbetto F, Gröning P. Charge-density 
oscillation on graphite induced by the interference of electron waves. Physical Review B. 
2005;71(15):153403. 
18. Duan WH, Gong K, Wang Q. Controlling the formation of wrinkles in a single layer graphene 
sheet subjected to in-plane shear. Carbon. 2011;49(9):3107-12. 
19. Liu TH, Gajewski G, Pao CW, Chang CC. Structure, energy, and structural transformations of 
graphene grain boundaries from atomistic simulations. Carbon. [Article]. 2011 Jun;49(7):2306-
17. 
20. Sutton, A. P. & Balluffi, R. W. Interfaces in Crystalline Materials (Clarendon Press, 1995). 
21. Clemmer CR, Beebe TP. A review of graphite and gold surfaces studies for use as substrates in 
biological scanning tunneling microscopy studies. Scanning Microsc. [Review]. 1992 
Jun;6(2):319-33. 
 17 
22. Stolyarova E, Rim KT, Ryu S, Maultzsch J, Kim P, Brus LE, et al. High-resolution scanning 
tunneling microscopy imaging of mesoscopic graphene sheets on an insulating surface. 
Proceedings of the National Academy of Sciences. 2007 May 29, 2007;104(22):9209-12. 
23. Novoselov KS, Falko VI, Colombo L, Gellert PR, Schwab MG, Kim K. A roadmap for 
graphene. Nature. [10.1038/nature11458]. 2012;490(7419):192-200. 
24. Stuart SJ, Tutein AB, Harrison JA. A reactive potential for hydrocarbons with intermolecular 
interactions. J Chem Phys. [Article]. 2000 Apr;112(14):6472-86. 
 
 
 
